The electronic structure and energetics of V + -benzene half-sandwiches of different multiplicities: Comparative multireference and single-reference theoretical study J. Chem. Phys. 129, 054307 (2008) The structures, stabilities, thermodynamic quantities, dissociation energies, infrared spectra, and electronic properties of LiOH hydrated by up to seven water molecules are investigated by using the density-functional theory and the Møller-Plesset second-order perturbation theory ͑MP2͒. Further accurate analysis based on the coupled-cluster theory with singles, doubles, and perturbative triples excitations agrees with the MP2 results. The Li-OH stretch mode significantly shifts with the increase of water molecules, and it eventually disappears upon dissociation. It is revealed that seven water molecules are needed for the stable dissociation of LiOH ͑as a completely dissociated conformation͒, in contrast to the cases of RbOH and CsOH which require four and three water molecules, respectively.
I. INTRODUCTION
The solvation of various ions ͑cations 1,2 and anions 3, 4 ͒ by water clusters have been an active field of research for a few decades because of its importance in chemistry and biochemistry. This understanding is readily applied to the study of molecular recognition for ionophore/receptor design and the study of nanorecognition toward the ion-mediated selfassembly for nanomaterial design. 5 As an extension of the ion solvation, the dissociation of acids by water clusters 6 has been an important subject in recent years in environmental and atmospheric chemistry as well as in solution chemistry. In addition, the dissociation of bases by water clusters has also been an interesting subject recently. 7 Of particular interest is the dissociation of alkali metal hydroxides which have potential applications in numerous biological and chemical mechanisms. To understand molecular-level aspects in terms of the numbers of coordinated water molecules and hydrogen bonds as well as the basicity, we have investigated the dissociation of lithium hydroxide, i.e., the number of water molecules required to dissolve the base.
The hydration chemistry of alkali metal hydroxides is of importance in batteries 8 and medicine. 9 Lithium-ion has become the most talked-about battery, and it is the fastest growing and most promising battery chemistry of today. Lithium is the lightest of all metals, has the greatest electrochemical potential, and provides the largest energy density for weight, which is useful for mobile electronic devices. LiOH has an application as a CO 2 sorbent in expendable devices. 10 Lithium in its salt form as Li 2 CO 3 is used to treat bipolar disorder, i.e., manic-depressive illness as a brain disorder that causes unusual shifts in a person's mood, energy, and ability to function. When the symptoms of bipolar disorder are severe, they can result in damaged relationships, poor job or school performance, and even suicide. The highest significant inverse associations of water and Li were observed with first mental hospital admissions for psychosis, neurosis, and personality disorders. Evidence linking low lithium intakes with altered behavior and aggressiveness in humans was reported. 9 Lithium interferes in the synthesis and reuptake of chemical messengers by which nerves communicate with each other ͑neurotransmitters͒. Lithium also affects the concentrations of tryptophan and serotonin in the brain. In addition, lithium increases the production of white blood cells in the bone marrow.
Biochemical mechanisms of action of Li are not well understood, but are strongly intercorrelated with the functions of other elements, drugs, enzymes, hormones, vitamins, growth, and transforming factors. Many of the biological actions of Li are probably attributable to the powerful polarizing effect caused by its small ionic radius. Lithium may displace Na + , K + , Mg 2+ , and Ca 2+ from its membrane or enzyme binding sites. Most protein-bound metal ions have at least one water molecule. Mostly, the catalytic activity in metal enzymes is due to the deprotonation of a metal ion bound by water molecule to give a hydroxyl group which is still bound to the metal ion after the deprotonation. These hydroxyl groups can act as a nucleophile and can attack as a substrate.
11 A similar hydroxide group is obtained by the dissociation of a base in all aqua alkali metal hydroxide clusters. Thus, the recognition of the true nature of the mechanism of actions of Li would be highly beneficial in various medicinal and environmental applications.
It is a known phenomenon that all alkali metal hydroxides are deliquescent, except LiOH. Thus, LiOH has unusual characteristics among alkali metal hydroxides. Experimental studies are difficult to conduct as LiOH has a low vapor pressure and are highly reactive, 12 while LiOH is known to have a linear structure. [13] [14] [15] [16] [17] [18] [19] [20] [21] Here, we report an ab initio theoretical investigation of LiOH with one to seven water molecules in the gas phase. Most of the initial geometries were taken from our previous theoretical studies of hydrated RbOH and CsOH. 7 In the case of penta-, hexa-and heptahydrated complexes, we carried out new searches for other low-lying energy conformers. The equilibrium geometries were confirmed by evaluating the vibrational frequencies at both density-functional theory ͑DFT͒ and Møller-Plesset secondorder perturbation theory ͑MP2͒. The energetics, the charge transfer to solvent ͑CTTS͒, the electronic properties, and the spectra of mono-to heptahydrated bases are analyzed.
II. COMPUTATIONAL DETAILS
We investigated various equilibrium geometries of the dissociated and undissociated clusters LiOH͑H 2 O͒ 1-7 . Calculations were done at the DFT level with Becke's threeparameter exchange potential and Lee-Yang-Parr correlation functional ͑B3LYP͒
22 and the MP2 and coupled-cluster theory with singles, doubles, and perturbative triples excitations ͓CCSD͑T͔͒ levels of theory. For Li, the correlationconsistent ͑cc-pVDZ͒ basis set was employed. 23 For oxygen and hydrogen atoms, the aug-cc-pVDZ ͑to be shortened as aVDZ͒ basis set was used at the B3LYP level, and the aug-ccpVDZ+ diffuse͑2s2p /2s͒ ͑to be shortened as aVDZ+͒ basis set was used at the MP2 and CCSD͑T͒ level, where the diffuse functions were added to properly consider the energies of dissociate anion states. 24 For brevity, the basis set of the complex is represented simply by the basis set of water and hydroxide. The CCSD͑T͒ results were obtained from the single-point calculations on the minimum-energy geometries optimized at the MP2 level. The zero-point energy ͑ZPE͒ uncorrected ͑⌬E e ͒ and corrected ͑⌬E 0 ͒ interaction energies are reported, the enthalpies ͑⌬H 298 ͒ and Gibbs free energies ͑⌬G 298 ͒ were obtained using a standard expression for ideal gases at 298 K and 1 atm. For CCSD͑T͒, zero-point energies and thermal energies used the MP2 / aug-cc-pVDZ + diffuse͑2s2p /2s͒ values. The charge-transfer-to-solvent ͑CTTS͒ energies ͑E CTTS ͒ were obtained using configuration interaction with single excitations ͓CI͑S͔͒ at the MP2 level and random-phase approximation ͑RPA͒ at the B3LYP level. 25 Other electronic properties are also reported at the MP2 level. The calculations were carried out using the GAUSSIAN03 suite of programs. 26 All the figures presented here were drawn using the Pohang Sci-Tech Molecular Modeling ͑POSMOL͒ and some available graphic packages. 
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III. RESULTS AND DISCUSSION
14-21
The B3LYP/aVDZ and MP2 / aVDZ+ give reasonable values for the geometry and dissociation energy of LiOH. In this particular case, we further carried out MP2 and CCSD͑T͒ calculations using the aug-cc-pVTZ+ ͑2s2p /2s͒ basis set ͑to be shortened as . For each n, the lowestenergy undissociated and dissociated conformers are underlined, and the lower-energy conformers of these two cases are highlighted in gray. For n =3 ͑3D33 and 3U22͒ and 6 ͑6D33 and 6U32͒, both dissociated and undissociated conformers are nearly isoenergetic. For n = 7, two dissociated conformers ͑7D44 and 7D33͒ are almost isoenergetic.
aVTZ+͒. These results, which are in good agreement with the experimental data, show that the results of MP2 / aVDZ + and CCSD͑T͒ / aVDZ+ are reliable. The B3LYP/aVDZ and MP2 / aVDZ+ values of the Li-O distance are 1.60 and 1.62 Å, respectively, in reasonable agreement with the experimental value 15, 16 ͑1.58 Å͒ and the MP2 / aVTZ+ and CCSD͑T͒ / aVTZ+ values ͑1.60 Å͒. However, the B3LYP/ aVDZ result gives a somewhat small dissociation energy ͑100.0 kcal/ mol͒, while the MP2 / aVDZ+ result ͑103.3 kcal/ mol͒ is reasonably in good agreement with the experimental value ͑104.7, 104.9, and 107.0 kcal/ mol͒. [17] [18] [19] Therefore, the underestimated energy by B3LYP/aVDZ gives some problems in predicting the lowest-energy structures. We find that the MP2 / aVDZ+ results are consistent with the CCSD͑T͒ / aVDZ+ results. Thus, most of our discussion will be based on the MP2 / aVDZ+ geometries and frequencies and the CCSD͑T͒ / aVDZ+ energies.
We have investigated the dissociation trends and spectroscopic properties of LiOH͑H 2 O͒ n=1-7 . Figure 1 shows various optimized structures of low-lying energy conformers of hydrated lithium hydroxides at the MP2 / aVDZ+ level. As for notations "nUn 1 n 2 " and "nDn 1 n 2 ", U / D indicates the undissociated/dissociated state, n is the number of water molecules, n 1 and n 2 are the hydration numbers of Li + and OH − , respectively. Table II lists the interaction energies of various structures of LiOH͑H 2 O͒ n=1-7 clusters at the B3LYP/ aVDZ and MP2 / aVDZ+ levels. The lowest-energy structures of the undissociated and dissociated cases ͑including nearly isoenergetic structures͒ for each n are further investigated at the CCSD͑T͒ / aVDZ+ level ͑Table III͒. At the CCSD͑T͒ / aVDZ+ level, the lowest-energy undissociated structures for n = 1-7 in the ZPE-corrected interaction energy ⌬E 0 , are 1U11, 2U11, 3U22, 4U22, 5U33, 6U32, and 7U32, and the lowest-energy dissociated structures for n = 3-7 are 3D33, 4D33, 5D33, 6D33, and Fig. 2 . For n ഛ 6, the energy of the undissociated structure is more stable than the dissociated one, except for n =3 ͓this dissociated structure ͑3D33͒ is nearly isoenergetic to the undissociated one ͑3U22͔͒, while for n = 7 two isoenergetic dissociated structures ͑7D44 and 7D33͒ are much more stable than the undissociated one ͑7U32͒. Thus, complete dissociation is obtained for n = 7 with 7D33 and 7D44 at the Li +¯O H − distances of 4.05 and 3.32 Å, respectively. In the case of 7D44, OH − is in the second solvation shell, and in 7D33, it is in the third solvation shell.
Between different level calculations, the MP2 / aVDZ+ results are consistent with the CCSD͑T͒ / aVDZ+ results, except that 7D33 is slightly more stable than 7D44, while at the CCSD͑T͒ level 7D44 is almost isoenergetic to 7D33. The B3LYP/aVDZ results show some differences in the energy order from the MP2 / aVDZ+ results. In particular, 5U22 is calculated to be more stable than 5U33, and 3U22 is calculated to be more stable than 3D33. In addition, for n =7, 7D33 is 3.5 kcal/ mol more stable than 7D44, in contrast to the CCSD͑T͒ result that 7D44 is 0.1 kcal/ mol more stable than 7D33. Thus, to have a reliable prediction, we have carried out MP2 / aVDZ+ calculations for all the B3LYP/aVDZ low-lying energy structures. Nevertheless, both CCSD͑T͒ / aVDZ+ and MP2 / aVDZ+ levels of theory ͑as well as B3LYP calculations͒ show that LiOH needs seven water molecules for a complete dissociation. This is compared with previous studies of a limited number of conformers. 28, 29 The calculations 28 of LiOH hydrated by up to five water molecules at the B3LYP/ 6-311+ + G ** level reported stable undissociated structures with irregular frequency trend with respect to the cluster size. Another work 29 using RHF/ 6-311+ + G ** and MP2 / 6-311+ + G ** predicted that six water molecules are needed for the LiOH dissociation. However, their most stable structure with six water molecules, 6D33, is found to be isoenergetic to or slightly higher than 6U32 ͑which was not studied in their study͒ in terms of ⌬E 0 . Table IV lists the conformational characteristics and geometrical parameters ͑including the rotational constants͒ of the lowest-energy undissociated and dissociated structures at the MP2 / aVDZ+ level. The coordination numbers for undis- sociated mono-to heptahydrated LiOH increase from 2 to 4, whereas they are 3 for most of the dissociated clusters ͑ex-cept 4 / 3 for n =7͒. Figure 3 shows the change of Li¯H distance ͑r Li¯OH ͒ by the addition of water molecules for the undissociated and dissociated clusters. With the successive addition of up to five water molecules, the number of hydrogen bonds and the coordination number of the metal atom tend to increase. The r Li¯OH for undissociated structures gradually increase from n =1 to n =5 ͑1.72, 1.73, 1.86, 1.86, and 1.97 Å͒. As the coordination number of the metal atom is saturated, the distances for n = 6 and 7 do not change much ͑while they are slightly shortened as 1.93 and 1.91 Å possibly due to angular strains in the conformations͒. As r Li¯OH increases, there is a noticeable decrease in the Li-OH stretch frequencies ͑ Li-OH ͒. These ͑unscaled͒ values for the lowestenergy undissociated structures for n = 1-7 are predicted to be 739, 747, 635, 608, 508, 540, 536 , and 503 cm −1 at the MP2 / aVDZ+ level and 765, 771, 654, 614, 519, 544, 542 , and 507 cm −1 at the B3LYP/aVDZ level, respectively, which are well correlated with r Li¯OH ͑Table IV͒. However, a few of these modes, particularly for clusters with more water molecules, are coupled with HO¯Ow modes ͑where w denotes a water molecule͒. These frequencies are unscaled because unscaled low frequencies are often realistically close to the experimental values without overestimation, in contrast to the OH/ NH frequencies which reflect highly anharmonic potential surfaces due to their high frequencies. Therefore, often an exponentially scaled approach ͑with less reduction for low frequencies͒ 30 is used instead of a constant scaling for all the frequencies. On the other hand, the dissociated structure first appears for n = 3. The r Li¯OH for the dissociated structures n = 3-7 are 2.59, 2.94, 3.19, 3.66, 4 .03͑7D33͒ / 3.34͑7D44͒ Å, respectively. As these r Li¯OH distances are very large compared with the unhydrated Li¯OH distance of 1.6 Å, the Li¯OH stretch modes upon dissociation practically do not appear ͑except the highly coupled modes with other water molecules͒. As seen in Table  IV , the coordination number of Li + ͑regardless of the dissociated and undissociated states͒ tends to be 4 ͑or 3͒ for n = 6 and 7, and OH − is also coordinated to three-or fourwater-molecule hydrogen atoms via hydrogen bonds.
As the OH stretch frequencies are widely used to identify diverse cluster structures, 31 we report scaled MP2 / aVDZ+ ͑and B3LYP/aVDZ͒ vibrational frequencies ͑ s with the scale factor of 0.96͒ for the O¯H stretch modes ͑including OH − ͒ of the lowest-energy dissociated and undissociated structures ͑including isoenergetic conformers͒ in Fig. 4 
IV. CONCLUSION
We have studied the hydration and dissociation phenomena of LiOH using B3LYP/aVDZ, MP2 / aVDZ+, and CCSD͑T͒ / aVDZ+. The complete dissociation phenomena of LiOH appear in the heptahydrated system. In going above in the first column of the periodic table, the hydration effect decreases, and thus more water molecules are needed to dissociate LiOH. The lowest-energy conformers of mono-to hexahydrated lithium hydroxides are undissociated except for the trihydrated case where both dissociated and undissociated structures are nearly isoenergetic. For the complete dissociation of LiOH, seven water molecules are needed, in contrast to the cases of RbOH and CsOH which require four and three water molecules, respectively. With the addition of water molecules to the base, the complex formed becomes energetically more stable with the redshift in the IR OH stretch frequency and with the increase in the Li¯OH distance. Thus, the absence of a stretch frequency band in the IR spectra would indicate that the Li + cation dissociates from the hydroxide anion, while both remain coordinated by water molecules. We hope that this information would facilitate future experiments for the dissociation phenomenon of LiOH.
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